Abstract Astrocytes constitute a major class of glial cells in the CNS, and play crucial roles in physiological functioning, performance and maintenance of the CNS, as well as promotion of neuronal migration and maturation. Astrocytes have also been directly and indirectly implicated in the pathophysiology of various trauma occurrences, development of neurodegenerative diseases and nerve regeneration. To further understand mechanisms by which astrocytes elicit these effects, the first critical step in the study of astrocytes is the preparation of purified astrocytes cultures. Here we describe a simple and convenient procedure for producing rat primary astrocyte cultures of high purity, viability and proliferation. For astrocyte culture, we have optimized the isolation procedures and cultivation conditions including coating substrates, enzyme digestion, seeding density and composition of the culture medium. Using immunofluorescent antibodies against GFAP and OX-42 in combination of Hoechst 33342 fluorescent staining, we found that the purity of the astrocyte cultures was >99%. Astrocytes had high viability as measured by 3-(4, 5-dimethyl-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay. In addition, flow cytometric analysis was used to measure and observe variations in the cell cycle after 1-2 passages and proliferation of astrocytes was detected with a high percentage of cells stand in S+G 2 /M phase. Therefore, the method described here is ideal for experiments, which require highly pure astrocyte cultures.
Introduction
Astrocytes are believed to play integral roles in the normal CNS functioning as well as CNS pathology (Travis 1994; Largo et al. 1996) . Recent studies have demonstrated that astrocytes can act as regulators of cerebral blood flow, various trophic factors, glutamate metabolism, potassium buffering and neuronal-glial signaling (Walz 1987 (Walz , 1989 Gallo et al. 1996; Allan 2005; Kim et al. 2003; Haberg et al. 2006) . Astrocytes also associate with synapses integrate neuronal inputs and release transmitters that modulate synaptic sensitivity (Hansson and Ronnback 2003) . Additionally, astrocytes participate in formation and rebuilding of synapses and play a prominent role in the protection and repair of nervous tissues after damage. It was found that neuronal activities could trigger ATP release from astrocytes, which modulate synaptic transmission. Astrocytes also exert transient modification of synaptic activity and sustain synchronized neuronal activities (Zhang et al. 2003) . Finally, astrocytes may be a useful source of pluripotent cells. For example, astrocytes in injured adult rat spinal cord may acquire the potential of neural stem cells, and were found to be undergoing a process of de-differentiation (Lang et al. 2004 ). Many researchers have created in vitro astrocyte culture systems from the spinal cord due to relative ease and convenience. However, one significant obstacle in isolating astrocytes from spinal cord is minimizing contamination from sources within the microenvironment of spinal cord. Therefore, we have created a method to culture highly pure primary astrocytes which have the ability to de-differentiate.
To study the role of astrocyte physiological and pathophysiological properties, it is critical to establish highly pure, viable astrocyte culture systems. Much of what we know about astrocyte properties has come from studies using cultured embryonic or neonatal cells. Some researchers have shown that mature astrocytes differ from embryonic and neonatal cells in receptor expression, which may present confounding factors for experimenters (Goldman 1996; Mi and Ben 1999) . Therefore, the use of astrocytes derived from mature animal CNS is necessary in some cases. But the developmental stage at which astrocytes are isolated is of prime importance. Unfortunately, astrocytes are difficult to isolate from mature mammalian spinal cord because of the abundance of connective tissue and the highly differentiated cells. Few cells are successfully isolated from spinal cord according to previous procedures. Moreover, contamination by fibroblasts, microglia, oligodendrocytes, endothelial cells, ependymal cells and neurons may cause a difficult problem in long-term astrocyte cultures. Therefore eliminating the contaminating cells is crucial for harvesting highly pure astrocytes in primary culture. Previous techniques have been applied including immunopanning, complementkilling, fluorescence-activated cells sorting, mechanical shaking and use of chemical inhibitors in culture. Each of them has intrinsic merits, but multiple strategies have faced time-and resourceconsuming procedures and technical complexity. Some strategies lead to lower cell viability.
To avoid the above mentioned disadvantages, we devised here a simple and convenient method that yields astroglia-rich primary cultures from spinal cord of 15-20 days old Sprague Dawley (SD) rat. At this developmental stage, the majority of astrocytes of rat pinal cord have already differentiated as shown acquisition of GFAP and loss/down-regulation of vimentin and nestin (Ling 1976; Valentino et al. 1983; Warf et al. 1991; Mcdermott et al. 2005) , which are markers we use to islolate and identify astrocyts. The method involves minimal successive procedures combining astrocyte biological and biochemical characteristics. Modified chemically defined medium (MCM) was used to stimulate astrocyte growth or proliferation and helped to eliminate contaminating cells. Glucose and D-valine were replaced with sorbitol and L-valine in growth media. Meningeal tissues were removed by stripping to reduce fibroblasts during the spinal cord isolation process. To reduce direct distress or irritation to dissociated cells, a low concentration mixture of three enzymes was used to digest tissues and cells were plated sequentially at high density. The astrocytes purified with this simple technique get to >99% purity. We hope this method will be a useful experimental tool to test function of astrocytes in vitro.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM) with glucose and L-valine, or without glucose and with D-valine, D-Hank's, HEPES, glucose, dispase, collagenase and fetal calf serum (FCS) were purchased from GIBCO (USA). Sorbitol, penicillin G, streptomycin, glutamine, trypsin, papain and ethylenediamine tetraacetic acid (EDTA), bovine serum albumin (BSA) and phosphate-buffered saline (PBS) were purchased from Sigma (USA). Fluorescein isothiocyanate (FITC)-labeled donkey anti-mouse IgG was purchased from Molecular Probe (USA). Mouse anti-rabbit glial fibrillary acidic protein (GFAP) antiserum was from Santa Cruz (USA). A Hoechst 33342 staining Kit was purchased from Molecular Probes (USA); 3-(4, 5-dimehthyl-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) and poly-L-lysine were purchased from Sigma (USA). Cell culture dishes, plates and flasks were purchased from Nunco (Denmark).
Preparation and purification of astrocyte culture Primary astrocyte cultures were made from 15-20 days old SD rats and all experimental procedures were performed in strict accordance with the recommendations of the European Economic Community (86/609/EEC) for care and use of laboratory animals.
Timed-pregnant SD rats were deeply anesthetized under cold standard operating procedure (Phifer and Terry 1986) . The skin and muscle overlying the spinal column were quickly removed and mid-cervical to lumbar portions of the spinal cord were dissected and pooled on D-Hank's balanced sodium salts without Ca 2+ and Mg 2+ on ice. The meninges and the capillaries were carefully and quickly peeled away with fine forceps (No. 5; Dumont & Files) . The tissues were rinsed three times with D-Hank's balanced sodium salts without Ca 2+ and Mg 2+ and were minced into small pieces with an iris scalpel.
The spinal cord tissue was incubated in 3 ml of D-Hank's (2 mM L-glutamine and 25 mM HEPES) containing 0.125% trypsin, 0.05% collagenase and 0.03% dispase for 25 min at 37°C with gentle shaking at 5-min intervals. After the last shaking, the solution was allowed to sit for 5 min, then the supernatant was aspirated carefully. This procedure was repeated one more time. At the end of the total 50 min digestion, 2 ml DMEM containing 10% FCS was added to inactivate the activity of enzymes for 5 min, the tissue was then centrifuged for 5 min at 1,000 rpm and washed with 10 ml D-Hank's balanced salt solution. The tissue pellet was incubated at 37°C for 20 min in 2 ml of D-Hank's (2 mM L-glutamine and 25 mM HEPES) containing 30 U ml -1 activated papain.
After the 20 min digestion, the 2 ml of D-Hank's (2 mM L-glutamine and 25 mM HEPES) containing 30 U ml -1 activated papain was removed, and 3 ml DMEM containing 10% FCS was added. The dissociated single cell suspension was easily generated with five cycles of trituration through a fire-polished Pasteur pipette or a No. 23 hypodermic needle. The suspension was further passed through sterile nylon gauze (80 lm pore size) and centrifuged at 500 · g for 10 min at room temperature. The supernatant was removed and the pellet was resuspended in DMEM containing 20% FCS supplemented with penicillin/streptomycin (50 U and 50 lg/ml) (CM). The cell yield was 8 · 10 6 viable cells/rat. Cells were plated into 24-well plate containing 12-mm diameter coverslips or T-25 flasks coated with 25 lg ml -1 poly-Llysine at a density of 1 · 10 5 cells/well and 3 · 10 6 cells/flask, respectively. After 48-60 h in culture, the medium was changed to MCM. The components of MCM are DMEM without glucose and with D-Val (Gibco, Cat.No.1196-025-M), 25 mM sorbitol, 25 lg ml -1 EGF, 1 mM glutamate, 1 lM glucose oxidase. Cultures were fed twice a week by replacement of 1/3 volume of medium with fresh medium. Control cultures were fed with DMEM with 20% FCS and penicillin/streptomycin (50 U and 50 lg/ml). After the cultures were grown for an additional 15 days, the cells were detached from the culture flasks with 0.125% trypsin and 0.02% EDTA. Cells were plated on 12-mm diameter sterile coverslips-coating poly-l-lysine placed in 24-well plate or 48-well plate at density of 1 · 10 5 cells/ well and 1 · 10 4 cells/well, respectively.
Immunofluorescence staining and cell purity assessment Immunoflourscence (IF) staining was carried out to characterize the cell purity on different days, 2, 4, 6, 8, 10, 14 and 16 days. Cells were rinsed with PBS, fixed in 4% paraformaldehyde for 20 min at room temperature, then washed with Dulbecco's phosphate-buffered saline (0.01M PBS, pH7.2) three times for 5 min. The cells were blocked in 10% normal donkey serum for 1 h at room temperature and incubated with 0.01% (v/v) Triton X-100 for 5 min. The cells were subsequently incubated at 4°C overnight with primary mouse anti-GFAP (1:1000 dilution) diluted with 1% (w/v) BSA dissolved in PBS (BSA/PBS). Controls were carried out under identical conditions except that primary antibodies were replaced with PBS, and in some cases with matching pre-immune sera. The cells were washed with PBS for three times and incubated with the corresponding secondary antibody. For detection of GFAP, fluorescein isothiocyanatelabeled donkey anti-mouse IgG (1:500 Molecular Probes) was used and incubated for 2 h. After the cells were rinsed three times in PBS for 5 min, Hoechst 33342 was added and incubated for 20 min. After washing with PBS, the coverslips were observed under fluorescent or confocal microscope at 180 · magnification. All cells show nuclear blue positive staining with Hoechst 33342 and only astrocytes show positive staining with GFAP. The total area of each observation field was 0.45 mm 2 and 15 observation fields were chosen randomly. The mean ± SEM of 15 field counts from at least four different cultures were determined as the purity index-the proportion of GFAP-positive cells in total cells. To further confirm astrocyte purity, we also carried out OX-42 immunofluorescence staining to identify the microglia, the staining procedure and determination for proportion of OX-42 positive cells were the same as the procdure for astrocytes.
MTT assay
Cell proliferation and viability were determined using the MTT method (Mosmann 1983) . Approximately 10,000 cells/well were seeded in 48-well plates (Nunco) and cultured with MCM. The initial number of viable cells at the time of culture, termed t = 0, was determined to correct for differences in starting cell number between experiments and to monitor changes in cell number over time. At the indicated times, 10 ll of 50 mg ml -1 MTT tetrazolium was added directly to the 300 ll culture media and the cells were allowed to incubate for 4 h. After the incubation, the medium from each well was gently removed by aspiration and 200 ll Dimethylsulfoxide (DMSO) was added to each well followed by incubation and shaking for 10 min to dissolve the insoluble formazan. The culture plate with DMSO solutions were measured in a microplate reader at 570 nm (reference wave length 630 nm, Dynatech MR4000, Japan) to determine the number of viable cells at 1, 2, 4, 6, 8 and 10 days after culture with MCM. All data presented in the present report were obtained from 5 independent experiments.
Analysis of cell cycle
When astrocytes in flasks reached 70-80% confluence, subculture was carried out in 35 mm plastic Petri culture dishes at a density of 5 · 10 5 cells/dish. After culture with MCM for 3 days in vitro, a 0.05% trypsin and 0.02% EDTA solution was added without dislodging the cell sheet. Cells were observed through an inverted microscope for 3-6 min. If the cells began to be round or lift off the dishes, the trypsin/EDTA solution was removed immediately. If the cells do not become detached within seven minutes, incubate an additional 1-2 min. The trypsinization was inactivated by washing the bottom of the dishes with CM. Cells were mixed with the medium by gently pipeting up and down five times. The cell suspensions were centrifuged and washed with 8 ml Hanks thoroughly and an aliquot was removed for cell counting. Cultured astrocytes were subcultured for two passages, and the astrocytes from each passage were subcultured and harvested. The harvested cells were washed twice in ice-cold PBS by centrifugation, and fixed in 70% ethanol at 4°C overnight. Subsequently, the cells were incubated with 10 ll RNAse A (5 mg ml -1 ) at 37°C for 30 min and cellular DNA was stained with Propidium Iodide100 mg ml -1 for 30 min. Distribution of the cell cycle was determined by flow cytometry (ProfileII, Coulter, USA). The proliferation index was calculated using the following equation: Proliferation index (PI) (%) = (S + G2/M)/ (G0/ G1 + S + G2/M) · 100%.
Statistical analysis
All data are presented as mean ± SD. The statistical significance was determined using one-way ANOVA with SPSS 11.5 software (SPSS, Chicago, IL, USA). P < 0.05 was considered statistically significant.
Results
After 48 h in culture, many of the cells dissociated from the spinal cord had adhered to the culture plates and exhibited various morphologies. Some of cells were flat and polygonal while others were round, bipolar and irregular. A few cells extended thin and long processes. At this stage the cell types could not be determined because many of them had not matured to their final morphology. It is likely that polygonal cells with processes or irregular cells were astrocytes, the flat polygonal cells were contaminating cells such as fibroblasts, and the phase-bright cells with small soma and short processes were oligodendrocytes. When cells were grown for 2-3 days in CM, a switch to MCM was performed. After cultured in MCM for two days (Fig. 1a) , the cells proliferated as control cells (Fig. 1b) did, and the morphology and cellular types in cultures were similar in both culture media. We found that if the primary cultures were maintained further in MCM for five days in vitro, the astrocyte-like cells rapidly multiplied to form a confluent monolayer in some fields (data not shown). The majority of the cells were astrocyte-like cells, and the flat fibroblasts and oligodendrocyte-like cells were rare. Furthermore, the astrocyte-like cells fed with MCM were morphologically homogeneous compared with astrocytes in CM. CM cultures were rapidly contaminated by fibroblasts.
Inspection of living cultures through a phasecontrast microscope on 12-15 days after switching to MCM revealed a change in cell type and different cell morphologies seen in CM-fed compared with MCM-fed cells. Flat fibroblasts with irregular shape and oligodendrocytes could be seen in each field, and some fields were devoid of astrocytes. With longer culture period beyond 12-14 days, non-astrocytic cells became more abundant, and eventually overgrew the entire culture (Fig. 1c) . However, when cultured in MCM over 12 days, astrocytes became the more abundant cell type, and their processes extended to form a complicated net. Contaminating cells in these cultures were rare (Fig. 1d) .
Immunofluorescence staining and cell purity determination Astrocytes purity can be examined by using astrocytic marker such as GFAP immunofluorescence and Hoechst 33342 double staining. GFAP IF-staining was present throughout the cell cytoplasm and was relatively homogeneous. Intense labeling for Hoechst 33342 was prominent only in the nucleus. Inspection of astrocyte purity from different culture periods revealed that cultures fed with MCM resulted in enriched GFAPpositive cells compared to control cultures. On the fifth day after switched to MCM, astrocyte purity was still low (48.5%), but was higher than that in controls (cultured in CM) (46.3%) (Figs. 2a and 3a) . Prolonged cultures in MCM rapidly increased astrocyte purity. After 12-15 days the percentage of GFAP-positive cells reached over 98%. In controls, after 4 days in vitro, the percentage of GFAP-positive cells was only 49.5%, and with prolonged culture (Over 12 days), the proportion decreased to 29.5% (Figs. 2a, 3b) . To further confirm MCM selectivity for astrocyte culture, the astrocytes were passaged with MCM. After being cultured for 2, 4, 6, 8, 10, 12, 14, 16 days, the astrocytes achieved higher purity determined to be over 99% (Figs. 2b and 3c ). While being sub-cultured with CM, the purity of astrocytes gradually decreased (Figs. 2b and 3d) , however, it remained over 95%. These data show that astrocytes primarily cultured with MCM have high purity, and MCM can selectively promote astrocyte growth whereas cells fed with CM have decreased astrocytic purity. As for microglia, the proportion of OX-42 positive cells ranged between 9.12 and 12.4% when fed with CM without a switch to MCM (Fig. 2c) . Whereas cells from MCM further sub-cultured and fed with MCM and CM, respectively, the corresponding proportions were below 1 and 1.4% (Figs. 2d and 3e, f) .
Cell proliferation and viability
To further confirm that the MCM could induce stably and highly proliferative astrocytes in culture, the purified astrocytes were continually In each group, the value represents mean ± SD obtained from repeated test for three times in six wells sub-cultured in MCM for 16 days. On day 1, 2, 4, 6, 8 and 10 days, cell proliferation or viability was assessed by MTT assay. As shown in Fig. 4 , there was a dramatic increase in cell viability and proliferation compared to those in controls. Over five different time points, the OD (Optical density) value of cells fed with MCM increased from 0.257 to 0.927, as for CM culture, the OD value of cells increased from 0.263 to 0.473, showing only two-fold increase. In Fig. 5 , the color-dense formazan showed that the activity of cellular mitochondrial dehydrogenases was higher in MCM culture than in CM culture, which revealed that the MCM could promote astrocyte proliferation or viability. Changes of cell cycle
To determine if cells fed with MCM have strong division capacity, cells were sub-cultured for two passages with MCM for three days, and then analyzed with flow cytometry. Shown in Table 1 are the changes in the percentage of cells in each cycle phase (G 0 /G 1 , S, G 2 /M). We found that there was a 20.1% (Passage I) and 17.9% (Passage II) increase in S and G 2 /M phases, and a corresponding quantitative decrease in the percent in G 0 /G 1 phases. In control groups, there was little cell transition from G 0 /G 1 to S and G 2 / M phase, and a large percentage of cells were in G 0 /G 1 phase arrest. These data indicated that MCM significantly facilitated transition of astrocyte from stationary phase (G 0 /G 1 ) to DNA synthesis (S phase) and mitosis (G 2 /M phase), which leads to proliferation of astrocytes. These data along with the data from MTT assay consistently suggest that MCM increased viable cell numbers by promoting astrocytes in S and G 2 /M cell cycle arrest.
Discussion
The isolation and purification, or enrichment of astroglia from central nervous system tissues, require the integrated application of several strategies. Many approaches can be used to separate and purify a particular cell type, however, each method has its own limitations such as tedious procedure, complicated manipulation, high expenses for example. In the present study, we avoid these limitations by taking advantage of the distinct metabolic competences and properties of various cell populations in the CNS. We developed a comparatively easy and efficient method to successfully produce a highly enriched (>99%) population of astrocytes with strong proliferation from rat spinal cord. Previous strategies for obtaining highly pure astrocytes have been focused on the use of immunopanning, complement-killing and fluorescence-activated cells sorting. These strategies can be time-and resource-consuming with low yield and viability of astrocytic cells. In rat spinal cord Table 1 The flow cytometry analysis of cell cycle changes of astrocytes fed with chemically conditioned medium (MCM) (% Mean ± SD, n = 3)
Groups
Percentage of cell cycle distribution (Frangakis and Kimelberg 1984) . Therefore, we applied trypsin at low concentration (0.125%). A mixture of the three enzymes, trypsin, collagenase, dispase, was used to facilitate dissociation and prevent a decrease in cell viability. In addition, papain, a mild and soothing enzyme, was applied to aid in keratose digestion. A critical part of our method involved selecting the optimal medium for astrocytes cultures. The appropriate medium leads to astrocyte growth and proliferation, and inhibits or reduces the population of contaminating cells. The critical modifications in the modified culture medium (MCM) are the substitution of D-valine for L-valine and replacement of glucose by sorbitol. Some studies revealed that fibroblasts lack D-valine oxidase, and therefore fibroblasts are unable to convert D-valine into L-valine. Without L-valine, fibroblast cannot survive (Estin and Vernadakis 1986) . Astrocytes possess appropriate enzymes for oxidizing fatty acids (i.e., glycogen phosphorylase, aldose reductase, and sorbitol dehydrogenase), so they do not require glucose or ketone bodies for respiration. Therefore, it is possible to selectively destroy oligodendrocytes, neurons, and microglia, which require glucose for respiration, by growing cells in a glucose-free medium containing both sorbitol and serum (Wiesinger et al. 1991) . Previous studies have shown that the enzymes of the sorbitol pathway, aldose reductase and sorbitol dehydrogenase, and the sorbitol uptake system are present in rat astroglia-rich cultures, but could not be detected in oligodendrocyte-and neuron-rich cell cultures (Stahl et al. 1989; Wiesinger et al. 1990 ). Accordingly, the selectively cultured astrocyte can be grown in a glucose-free medium containing 25 lM sorbitol. Non-astrocytes can be effectively exterminated from cultures by using this modified chemically defined medium in that the capacity to utilize glucose as energy and L-valine as an essential amino acid for cellular anabolism, and the maintenance of proper nitrogen balance were deprived. In our study, 1 lM glucose oxidase was added to the medium for enzymatic degradation of glucose from FCS, which decreases the persistence of contaminating cells. In our culture system, we found that astrocyte purity increased to over 98% with prolonged culture periods, especially for 12 days in vitro which shows that this appropriate medium can effectively promote astrocytes growth and dramatically prevent nonastrocytic contamination. To further confirm our results, we also carried out staining microglial cells with OX-42, and monitoring its changes in percentage. It was found that the population was still below 1%, which shows that this appropriate medium can effectively promote astrocytes growth and dramatically prevent non-astrocytes persistence.
EGF is a known mitogen for astroglial cells (Simpson et al. 1982 ) that initiates the mitogen for astroglial cells through EGF signal transduction pathways. Previous works have shown that EGF can stimulate the proliferation of primary astrocyte cultures obtained from rat cerebral hemispheres (Avola et al. 1988; 1993) , and it strongly affects the morphology of astrocytes and induces upregulation of the glutamine synthase and S-100 (Avola et al. 1988; 1993) . In the present study, the addition of EGF to this modified chemically defined medium significantly improved the proliferative capability of cultured astrocytes. We found that after 2, 4, 6 and 10 days in vitro, the medium containing 25 mM sorbitol supplemented with EGF resulted in astrocytes with high proliferation and viability. As measure with the MTT assay, the OD value of cells fed with MCM increased from 0.257 to 0.927, whereas in control cultures (fed with CM) the OD value of cells only increased from 0.263 to 0.473. Proliferation index (PI) for changes of cell cycle also exhibited a higher proportion of S and G2/M cell cycle arrest compared to controls. The results above are in agreement with findings from in vitro studies that EGF can stimulate proliferation of astroglial cells (Simpson et al. 1982) .
Some previous studies revealed that astrocytes can express functional mGluR3 and mGluR5 (Miller et al. 1996; Liao and Chen 2001; Aronica et al. 2003) . Activation of group I and II mGluRs have also been shown to regulate glial cell proliferation (Ciccarelli et al. 1997; Aronica et al. 2003) and glial glutamate transporter protein is also expressed in rat and human astrocytes in cultures (Aronica et al. 2001) . These glutamatestimulated cellular events are mediated through the mGluR activation. Excess glutamate causes excitoxic cell death. However, glutamate at certain concentrations can stimulate astrocyte proliferation. Therefore we supplemented 1 mM glutamate into medium. The addition of 1 mM glutamate to the culture medium resulted in an increase in proliferation in the astrocyte cultures. These results indicated that the chemically modified defined medium could enhance astrocyte proliferation by combined stimulus EGF together with glutamate.
In summary, we combined mechanical and enzymatic tissue dissociation together with sorbitol substituting for glucose and replacement of L-valine by D-valine in the culture medium to successfully grow homogenous astrocytes cultures. The supplement EGF and glutamate further enhanced astrocyte proliferation. The advantages of this method are that (1) the procedure to isolate astrocytes is fast and simple, (2) the cells are highly viable, (3) highly pure astrocytic population is achieved and (4) the cultures have strong proliferative capability. This approach proved feasible and useful for getting highly-rich astrocyte cultures, and is readily achieved with less time-and resource-consumption. This method may aid research in which pure astrocyte cultures are necessary.
